Clinical, genetic, and functional investigations were performed to identify the causative mutation in a distinctive Chinese family with postlingual non-syndromic mid-frequency sensorineural hearing loss. Whole-exome sequencing revealed SLC44A4, which encodes the choline transport protein, as the pathogenic gene in this family. In the zebrafish model, downregulation of slc44a4 using morpholinos led to significant abnormalities in the zebrafish inner ear and lateral line neuromasts and contributed, to some extent, to disabilities in hearing and balance. SH-SY5Y cells transfected with SLC44A4 showed higher choline uptake and acetylcholine release than that of cells transfected with mutant SLC44A4. We concluded that mutation of SLC44A4 may cause defects in the Choline-acetylcholine system, which is crucial to the efferent innervation of hair cells in the olivocochlear bundle for the maintenance of physiological function of outer hair cells and the protection of hair cells from acoustic injury, leading to hearing loss.
Introduction
Hearing impairment is considered the most prevalent impairment worldwide. Almost 600 million people suffer from mild or moderate hearing impairment; an estimated 10% of the human population (1) . Genetic factors play an important role in the pathogenesis of this disorder (2) . Autosomal dominant hereditary non-syndromic hearing loss (ADNSHL) is usually progressive, affecting a particular range of frequencies in each case. An carriers to supply choline to all kinds of cells for membrane phospholipid synthesis or the synthesis of acetylcholine (ACh). SLC44A2 may be one of the sodium-dependent transmembrane transport proteins involved in the uptake of choline by cholinergic neurons. Defects in this gene have been reported to cause sialidosis, lysosomal storage disease (6) .
We presumed that mutation of SLC44A4 may impede choline uptake and ACh synthesis by olivocochlear (OC) neurons; consequently, the OC efferent innervation system of outer hair cells (OHC) may be disrupted, leading to dysfunction of hair cells and increased vulnerability to permanent acoustic injury.
To test this hypothesis, reverse transcription PCR (RT-PCR) and in situ hybridization were performed on a zebrafish model. We found that slc44a4 was widely expressed in the otic vesicle and central nervous system. Downregulation of this gene using morpholinos led to the reduction and malformation of hair cells in the cochlea, and rescue tests could reverse this result. We also transfected neural-originated SH-SY5Y cells with SLC44A4. The cells transfected with wild type (WT) SLC44A4 showed higher choline uptake and ACh synthesis than those transfected with the mutant. All these results support our presumption that SLC44A4 is strongly linked to the maintenance of audiologic function and that mutation of SLC44A4 may cause SNHL through a defect in the choline-ACh system, which is crucial to the efferent innervation of outer hair cells from the OC bundle.
Results

Clinical description and whole-exome sequencing
The family examined in this study presented early onset of tinnitus and postlingual mid-frequency hearing loss, which gradually developed to whole-frequency hearing impairment. During all stages of progression, it maintained a typical "bowlshaped" audiogram. The affected individuals showed stable onset (second decade of life, age 26-30 years) across generations.
For the proband female, the initial onset of hearing loss occurred at age 30 along with tinnitus but no vertigo. Pure tone audiometry showed a prominent sensorineural hearing impairment at the middle frequencies (0.5-4 kHz, especially 1-2 kHz), and the auditory threshold of air conduction measurements was 40-50 dBHL, yielding an audiogram with a "bowl-shaped" configuration (Fig. 1B) . Tympanometry indicated proper functioning of the middle ear. The Metz recruitment test appeared negative at low frequencies and positive at middle and high frequencies, indicating cochlear deafness. Otoacoustic emission could not be induced at any frequency. Examination of the auditory brainstem response (ABR) with a click stimulus of 100 dBHL showed well-differentiated wave profiles and regular latency in both ears, indicating that no retrocochlear disorders were present. Of the 37 individuals in this four-generation family (three of whom had passed away), nine complained of hearing loss (one of whom had passed away); these ranged in age from 28 (III: 17) to 60 (II: 4). The individuals were evenly distributed among the three generations, and each displayed approximately the same age of onset (age 26-30 years). All patients had normal auditory sense and verbal function before the onset of the disease. No visible gender difference in the incidence of this disease was observed. During the early stages of disease, the primary symptoms were tinnitus and middle frequency hearing loss, which progressively deteriorated into whole-frequency hearing loss, presenting a "bowl-shaped" audiogram during all stages of the disease. The clinical and instrumental evaluations did not reveal any evidence of syndromic features, such as cardiovascular diseases, diabetes, visual problems, or neurological disorders. All patients displayed normal intelligence. None of the patients had any history of constant exposure to noise or to ototoxic drugs. Both the auricle and external auditory meatus had developed normally, and the tympanic membranes were intact. All patients presented the type A curve of a normal tympanogram. According to the CT scan and MRI data (Fig. 1C) , the mastoid process, cochlea, internal auditory meatus, and membranous labyrinth were well developed, as was the ossicular chain.
Several common genes known to be causative of hearing loss (GJB2, GJB3, SLC26A4, and mitochondrial genes), and genes reported to be causative of MFSNHL, such as DFNA10 (EYA4), DFNA8/12 (TECTA), DFNA13 (COL11A2), and DFNA44 (CCDC50) were ruled out by Sanger gene sequencing.
To systematically search for deafness susceptibility genes, we performed WES on samples from one unaffected (III-9) and two affected (III-12 and III-15) individuals from the HN-01 family pedigree (Fig. 1A ). An average of 4.93 billion bases of highquality sequence were generated per individual, with an average sequencing depth of approximately 98 in the target region, which satisfied the requirements for single nucleotide polymorphisms (SNPs) and indels. The read coverage of each chromosome and the statistical results for mutation loci are shown in Fig. 2A . The outer rings represent the chromosomes, arranged in a clockwise direction, and the location of the centromere is denoted with a red line. The outer grey rectangles indicate the read depth along the chromosome. The dark green points between the two circles denote deletion sites, and the light green points denote insertion sites. The rest of the mutation types, from the outside to the inside, are as follows: homozygous SNPs (orange rectangle), heterozygous SNPs (yellow rectangle), terminator codon mutation (black dot), nonsense mutation (blue dot), synonymous mutation (red) and missense mutation (purple). The sequencing data were aligned to the NCBI(http://www.ncbi.nlm.nih.gov/) human reference genome (NCBI build 36.3, hg18) and compared with dbSNP138, which contains pilot data from the 1000 Genomes Project; from eight sequenced HapMap individuals; and from the YH database, which contains the first whole-genome sequence of an Asian individual.
In total, 9223 variants were identified for the two patients; 5789 of these were nonsynonymous variants, splice acceptor and donor site mutations, and coding indels that were more likely to be pathogenic mutations. These variants were prioritized for further evaluation using two filtering criteria: If a variant was within the allele frequency cutoff, which was less than 0.01 in dbSNP138, HapMap, 1000 Human Genome, and the local dataset, and if a variant was found in all affected individuals but not in unaffected family members, then this variant was retained for further analysis. These filtering criteria reduced the list of candidate variants to 16 non-synonymous mutations.
Next, we screened 16 variations identified among the pedigree samples by Sanger sequencing and found a missense variant, c.466A > G, p.M156V, in exon 6 of SLC44A4 [NM_025257, (MIM*603550)], which co-segregated with the disease. This novel mutation was exclusively identified in all eight affected patients but was not found in the 13 unaffected family members (Fig. 2B) . The conservation analysis indicates that the Pro residue at 156 in the SLC44A4 protein is conserved across Human, P. trogiodytes, M. mulatta, M. musculus, G. gallus, T. rubripes, D. rerio and X. tropicalis (Fig. 2C) . To assess the possibility that this novel SLC44A4 mutation is a disease-causing mutation, we further sequenced 1000 ethnically similar, unrelated healthy individuals and confirmed that none of these 1000 healthy donors carried the M156V mutation. Thus, our data suggested that this novel M156V missense mutation in the SLC44A4 gene was a disease-causing mutation in the Chinese pedigree (HN-01) for NSHL. We also sequenced another 500 sporadic cases of hearing loss and found that none of these patients carried the M156V mutation either.
In silico analysis
To understand the potential effect of the p.M156V missense mutation on SLC44A4 function, we further performed in silico analyses. This mutation was predicted to be Damaging, Probably Damaging, and Disease-causing by SIFT, Polyphen2, and MutationTaster, respectively. This finding indicated that this novel mutation might be the cause of the observed hearing loss in this Chinese family.
slc44a4 is expressed throughout embryonic development
To characterize the slc44a4 developmental expression, temporal expression patterns of slc44a4 were examined during embryogenesis using RT-PCR. As shown in Fig. 3A , the maternal transcript was present from the one-cell stage and remained until zygotic expression was initiated. Gene expression gradually increased from 36 to 96 h post-fertilization (hpf).
To characterize the developmental expression of slc44a4, in situ hybridization using slc44a4 antisense probes was performed, and the slc44a4 expression pattern in WT embryos is indicated in Fig. 3B . At 12 hpf, slc44a4 transcripts were expressed broadly, but at 26 hpf, slc44a4 expression clustered around the otic vesicle, pectoral fin, and midbrain, suggesting that slc44a4 may contribute to hearing development.
RT-PCR was used to confirm the efficacy of MO-SPL splicing. Specific products were amplified from cDNA of the morphant and WT zebrafish; 76-bp products were obtained for WT played prominent sensorineural hearing impairment at mid-frequency (0.5-4 kHz, especially 1-2 kHz), and the auditory threshold of air conduction measurements was 40-50 dBHL, yielding an audiogram with a typical 'U-shaped' configuration. At the mid-and later stage, the whole frequency was involved; at some frequencies, no sense of hearing was induced at all. (C) CT scan and MRI data of the proband (III12) showed that the mastoid process and the cochlea were well developed, and the ossicular chain was intact. Additionally, both the internal auditory meatus and the membranous labyrinth were well developed.
zebrafish, and 533-bp products were obtained from morphant MO-SPL along with products that were identical to those obtained from WT samples (Fig. 3D ). These data suggest that MO-SPL disrupts normal splicing of slc44a4 primary transcripts to effectively knock down slc44a4. Efficacy of MO-AUG was also confirmed. When single-celled zebrafish zygotes were coinjected with pEGFP-N2-slc44a4 and MO-AUG(3ng), no green fluorescent protein could be observed with a fluorescent microscope (DP70, Olympus, Tokyo, Japan) (Fig. 3E ).
Developmental processes in the inner ear are disrupted in slc44a4-morphant zebrafish Evidence suggests that the inner ear is necessary to zebrafish hearing and balance, so morphological defects of the inner ear were measured in slc44a4-morphant zebrafish. The morphology of WT, Mcon, and MO-injected zebrafish was observed at 72 hpf. MO zebrafish embryos were not abnormal (no spinal curvatures or pericardialites). Most otoliths were of normal appearance in WT and Mcon embryos. By contrast, morphants had abnormal numbers of small, fused, and misplaced otoliths, and the inner ear was smaller (Fig. 4A ). Neuromasts were detected in 120 hpf Tg (Brn3c:mGFP) transgenic zebrafish larvae. Neuromasts of the morphants were smaller, and the number of lateral line neuromasts in the morphants was fewer than in the WT (Fig. 4B ). The development of somites in zebrafish was examined to determine whether the abnormal neuromast deposition was caused by abnormal development of somites. The somites of 72 hpf and 120 hpf zebrafish were counted, and there were few differences between the WT and morphants. As a result, there was no abnormal somite phenotype when knocking down slc44a4. Except for the inner ear and neuromast abnormalities, the differences in morphology between the WT and morphants were not obvious.
Hair cells per neuromast were counted in 120 hpf Tg (Brn3c:mGFP) transgenic zebrafish larvae. Fewer hair cells per neuromast were found in both the anterior and posterior line of MO knockdown larvae than in the WT (Fig. 4C) , which had complete clusters of regularly arranged hair cells. The average number of functional hair cells per neuromast in 120 hpf zebrafish was 6.3 6 1.0 for morphants and 12.5 6 1.2 for WT.
The functional status of hair cell stereocilia was assessed, and stereocilia were stained 120 hpf using phalloidin labelled with FITC. There were fewer variable stereostereocilia in MO knockdown embryos at 120 hpf than in WT zebrafish. The average number of stereocilia in the cristae was 4 6 1.5 for morphants, whereas in WT it was 9.5 6 1.8 ( Fig. 4D) .
Considering the high homology of slc44a4 protein between human and zebrafish ( Fig. 5A ) and the orthologous and conserved evolution among slc44 family members (Fig. 5B ), human SLC44A4 mRNA was co-injected with MO into embryos at the one-cell stage to rescue abnormalities of zebrafish caused by MO. The results show that human SLC44A4 mRNA could largely rescue MO phenotypes. Injection of MO caused an abnormal otic phenotype in 88% of zebrafish, and co-injection of human-SLC44A4 mRNA and MO resulted in a normal phenotype in 45% of these. In this way, slc44a4 in inner-ear development is conserved across vertebrate species.
Hearing and swimming in slc44a4-morphant zebrafish
The inner ear is important for zebrafish hearing and balance. Because of the predominant defects in the inner ear of MO knockdown zebrafish, swimming behaviour was investigated as well. WT larvae usually swam or rested with their backs facing upward, and each fish tended to swim at one depth. However, MO knockdown zebrafish larvae usually remained stationary and rested in abnormal positions: they swam up and down or in circles (Fig. 4F ). This abnormal swimming behaviour indicated a defective balance system.
To assess the hearing loss of the morphants, the fast escape reflex, a C-shaped startle response mediated predominately by M cells, was measured using near-field pure tone stimulation with two different sound intensities. The C-startle response of the MO knockdown was statistically different from its WT siblings, and the probability of C-startle response between WT and MO larvae was distinguishable for either sound intensity. With human homologous mRNA rescue, about half of the morphants regained some hearing ability, audio stimulus sensitivity was greatly increased, and swimming postures normalized (Fig. 4E) . These data support the idea that knockdown of slc44a4 influences zebrafish hearing. ACh synthesis and secretion of SH-SY5Y-SLC44A4-WT and SH-SY5Y-SLC44A4-Mut were detected, as shown in Fig. 6B . As the concentrations of [ 3 H]choline increased, ACh secretion increased. ACh synthesis by SH-SY5Y-SLC44A4-WT was stronger than that of SH-SY5Y-SLC44A4-Mut, indicating that the mutation (c.466A > G) not only disrupted the choline uptake function of SLC44A4 but also affected the ACh synthesis ability.
Discussion
In the literature on hereditary SNHL, clinical studies on midfrequency sensorineural hearing loss (MFSNHL) are scarce. Family HN-01 has postlingual MFSNHL and presents a typical 'bowl-shaped' audiogram that is clearly distinguishable in the reported families with MFSNHL. We found that SLC44A4 (NM_0025257) Met156Val, A466G co-segregate with MFSNHL in this family. SLC44A4 is a sodium-dependent transmembrane transporter that belongs to the SLC44 family (SLC44A1-5). These proteins are proposed to play a role as choline carriers to supply choline to all kinds of cells for membrane phospholipid synthesis or the synthesis of the neurotransmitter ACh (6) (7) (8) . Others consider SLC44A4 a human colonic thiamine pyrophosphate transporter (9) . The sole report indicates that defects in SLC44A4 contribute to sialidosis, a lysosomal storage disease (10) . Until now, no evidence has been found that SLC44A4 is involved in the occurrence of hearing loss. However, another member of SLC44 family, SLC44A2, was prominently detected by immunofluorescence in vestibular supporting cells in both the guinea pig vestibular system and human inner ear, and SLC44A2-targeted guinea pig antibody could induce hearing loss (11) . Coincidentally, circulating antibodies for SLC44A2 were found in some patients with autoimmune hearing loss (12) . The direct connection between SLC44A2 and hearing loss makes it likely that SLC44A4 or other members of this family are also involved in the occurrence of hearing loss.
In this study, we confirmed that in zebrafish, slc44a4 is prominently expressed in the inner ear and central nervous system, which suggests that SLC44A4 may also play a critical role in choline uptake and ACh synthesis by cholinergic neurons. Mechanosensory hair cells in the organ of Corti send acoustic information to the brain through synapses with peripheral afferent neurons. In return, feedback provided by efferent neurons in the brainstem and projecting to the cochlea modulates afferent activity. Efferent feedback to hair cells is a common feature among all vertebrates (13) . Medial olivocochlear (MOC) efferents originate in the medial and rostral region of the superior olivary complex and send myelinated axons to innervate predominantly outer hair cells (OHCs) in the mature cochlea (14) .
MOC efferents have been suggested to control the dynamic range of hearing (15) , mediate selective attention (16, 17) , improve signal detection in background noise (18, 19) , and protect the cochlea from acoustic injury (20, 21) . A recent study also showed that the resultant loss of efferent feedback accelerated the age-related amplitude reduction in cochlear neural responses (22) .
ACh is the main neurotransmitter released at the MOC-OHC synapse, and was first identified with cochlear cholinesterase histochemistry (23) . Pharmacological evidence was obtained from the lateral line of Xenopus laevis (24), followed by studies in the guinea pig cochlea (25), ACh is synthesized from choline and acetyl-coenzyme A by choline acetyltransferase (ChAT) (29) . Since it encodes the choline transport protein, it's quite reasonable that a mutation in SLC44A4 would impede choline uptake and ACh synthesis by the olivocochlear neurons, consequently disrupting the MOC efferent innervation system and finally leading to dysfunction of OHC and increased vulnerability to permanent acoustic injury.
The origin of the MOC cassette, choline uptake, and the synthesis and release of ACh is incontrovertibly pivotal. SLC44A4 mutation caused dysfunction of choline uptake of olivocochlear neurons, which was undoubtedly attributable to the reduction of intracellular ACh synthesis and release at the MOC-OHC synapse. As a result, all MOC effects, including amplification, improvement of signal detection, mediation of selective attention, and especially protection from acoustic injury, were impaired.
Anatomical work and single-neuron recordings in animals indicate that the MOC reflex is tonotopically organized (30) (31) (32) . A sound that excites a cochlear frequency region would elicit response was initiated 5-11 ms after sound stimulation; however, morphants usually remained stationary, resting in abnormal positions and swimming up and down or in circles, indicating that they had defective balance. Some morphants had no response to outside sound stimulation.(A-F) Rescue experiments were performed, and co-injection with MO and human SLC44A4 mRNA was shown to rescue inner ear defects caused by slc44a4 knockdown. Otoliths, hair cells, stereocilia and hearing of zebrafish co-injected with human SLC44A4 mRNA and MO were restored as compared to morphants injected only with MO. ***P < 0.001. MOC firing that decreases cochlear-amplifier gain specifically in this frequency region (33) . At high sound levels, MOC activation produces only a small reduction in cochlear amplifier gain (34) . MOC fibers with best frequencies (BFs) below 10 kHz tend to have lower thresholds, higher discharge rates, and shorter latencies (26, 27) . Lilaonitkul et.al measured human MOC tuning through changes in stimulus frequency otoacoustic emissions (SFOAEs), and found that elicitors in a range of 0.5-2.0 kHz appear to be particularly effective in eliciting MOC activity that affects all of the probe frequency regions (35, 36, 37) . In other words, if an MOC reflex interrupted by SLC44A4 mutation induces a defect in ACh metabolism, the low-to-moderate frequency range is likely to be the most seriously affected. Coincidentally, the SLC44A4-associated deafness in family HN-01 features mid-frequency, especially 0.5-2.0 kHz, hearing loss; a fact that also supports the hypothesis that the SLC44A4 mutation causes hearing impairment as a result of ACh metabolic disturbance and the consequent MOC effects. Compared to mouse, the zebrafish is an especially applicable and effective model for the study of the development and function of the vertebrate inner ear (38) . It has no outer or middle ear, but a fairly typical vertebrate inner ear. Genetic mechanisms of otic development and function also appear to be well conserved (39) Even though the inner ear is an internal organ, early stages can be observed directly in the live organism since the embryo is optically transparent (40, 41) .
Knocking down slc44a4 in zebrafish led to anatomical and histological abnormalities in both the inner ear and lateral line system, along with sensorineural hearing loss, which could be reversed by human SLC44A4 manipulation. In our study, considering the high homology between human SLC44A4 and zebrafish slc44a4, human SLC44A4 was used to perform rescue experiment. What's more, since human slc44a4 could rescue the deficiency of zebrafish including hearing loss, these results demonstrate clearly that SLC44A4 is a SNHL-causative gene.
To ascertain the choline transporter nature of SLC44A4 for the purpose of ACh synthesis and prove that SLC44A4 mutationcaused SNHL is the consequence of CTL-mediated dysfunction of MOC neuron choline uptake and neurotransmitter ACh synthesis, we evaluated the conditions of choline uptake and ACh synthesis in the SH-SY5Y cell line, which were transfected with wild and mutant SLC44A4 and empty plasmids.
Human neuroblastoma cell lines have long been used for biochemical characterization of neuronal function (42) SH-SY5Y is one such line that is widely used as a model for dopaminergic cells. SH-SY5Y expresses only a trace of CHT1 endogenously (43) and has the ability to convert choline to ACh. After being transfected with SLC44A4, it is not prone to interference by other choline transporters. Due to these factors, we considered SH-SY5Y an ideal cell line for the observation of choline uptake and ACh synthesis after transfection with WT and mutant SLC44A4.
As expected, transfection with WT SLC44A4 led to the accelerated choline uptake and increased ACh synthesis in the SH-SY5Y cell line, while the cells transfected with the mutant and empty plasmids did not show such effects.
Collectively, SLC44A4 is a novel MFSNHL-causative gene, and choline uptake via SLC44A4 is associated with ACh synthesis in the olivocochlear neurons. In this study, we identified that a mutation in SLC44A4 leads to reduction in choline uptake and ACh synthesis by olivocochlear neurons, thereby causing decreased ACh release at the MOC-OHC synapse, OHC dysfunction, and increased vulnerability to noise-induced cochlear damage and OHC death, which together result in the onset of MFSNHL (Fig. 7) . 
Materials and Methods
Ethics statement
All procedures were approved by the Ethics Committee of Shanghai East Hospital, which is associated with Tongji University, and were carried out only after written informed consent had been obtained from all study participants and from the parents of subjects younger than 18 years.
Family recruitment and clinical evaluations
Clinical information A four-generation family (HN-01) with 37 members presenting segregating AD-NSHL was identified by the Department of Otolaryngology, Head, and Neck Surgery of Shanghai East Hospital, Tongji University, Shanghai, China. All clinical information was collected at the same location. Medical histories were obtained using a questionnaire covering the following issues: subjective degree of hearing loss, age at onset, evolution, the symmetry of the hearing impairment, use of hearing aids, the presence of tinnitus and vertigo, medication, noise and ototoxic drug exposure, pathological changes in the ear, and other relevant clinical manifestations. A systemic medical examination and approximate intelligence assessment were also performed on all affected individuals. Another 500 sporadic cases of hearing loss were included, along with 1000 ethnically matched controls.
Audiological tests and imaging studies
Audiological tests were performed in a standard anechoic chamber with an Interacoustics AD229b pure-tone audiometer (Interacoustics A/S DK-5610, Assens, Denmark) at frequencies ranging from 250-8000 Hz. An Interacoustics AT235(h) acoustic immittance measurement apparatus (Interacoustics A/S DK-5610, Assens, Denmark), Eclipse EP2 auditory brainstem response testing device (Interacoustics A/S DK-5610, Assens, Denmark), and DPOAE20 þ TEb otoacoustic emitter (Interacoustics A/S DK-5610, Assens, Denmark) were used. Ear endoscopy, CT scans, and MRI were used to exclude deafness caused by anatomical abnormalities of the middle and inner ear.
Whole-exome sequencing Genomic DNA was extracted from whole blood samples using a blood DNA kit (Qiagen, Germany), and 1 lg of purified gDNA was fragmented to 200 base pairs. End repair, adenylation, and adapter ligation were performed for library preparation following the manufacturer's protocol. Equal amounts of library samples were pooled and then hybridized to the customized capture array, including exons, splicing sites, and immediate flanking intron sequences. Sequencing was performed on an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) to generate paired end reads.
Sanger sequencing
Sanger sequencing was used on samples from all available members of family HN-01 to determine whether the potential mutations in the causative genes co-segregated with the disease phenotype in this family. The PCR products were sequenced using BigDye Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems, Foster City, CA, USA) and analysed using an ABI 3700XL Genetic Analyzer.
In silico analysis SIFT(http://sift.jcvi.org/), Polyphen-2(http://genetics.bwh.har vard.edu/pph2/), and MutationTaster(http://www.muta tiontaster.org/) software were used to determine possible changes in protein structure that might affect the phenotype. Clustal X1.83 software was used to compare the human WT SLC44A4 protein sequence with orthologs from Homo sapiens, Pan troglodytes, Macaca mulatta, Mus musculus, Takifugu rubripes, Danio rerio, and Xenopus tropicalis and to examine evolutionary conservation and structural prediction for this protein (sequences obtained from Ensembl).
Zebrafish husbandry AB line zebrafish were used and maintained at the Fudan University Zebrafish Breeding Centre. Tg (Brn3c:mGFP) S356T transgenic zebrafish expressing GFP in hair cells under control of the POU4F3 promoter that is targeted to the plasma membrane by a GFP-43 membrane targeting sequence (provided by Prof. Li Huawei, Fudan University) were used. Embryos were raised in petri dishes at 28.5 C. Developmental stages were evaluated as hours and days post-fertilization (hpf and dpf). All zebrafish experimental protocols were approved by the Institutional Animal Care and Use Committee of Fudan University.
RT-PCR, whole-mount RNA in situ hybridization in zebrafish RT-PCR was used to detect expression of slc44a4 at different points in zebrafish development. The slc44a4 was amplified with forward primer 5 0 -CGTCAGACATCAATCAGACCACC-3 0 and reverse primer 5 0 -TGACCGTGAAACAATGAAAGTAG-3 0 to produce 400-bp products. The housekeeping gene gapdh, forward primer 5 0 -CCCAATGTCTCTGTTGTGGA-3 0 , and reverse primer 5 0 -GGTCACATACACGGTTGCTG-3 0 were used as internal controls to produce a 275-bp product. Whole-mount in situ hybridization (WISH) was used with digoxigenin-labelled antisense cRNA probes according to the manufacturer's protocol (Roche Applied Science, Mannheim, Germany) with slc44a4 cDNA templates. WISH of albino embryos was performed as described (28) . Hybridized probes were detected with alkaline phosphate-conjugated anti-DIG antibody and visualized with BM Purple (Roche Applied Science, Mannheim, Germany).
Gene knockdown and rescue in zebrafish
Since there is only one transcript of slc44a4 in zebrafish, we designed morpholinos of slc44a4 and injected them into onecelled fertilized eggs of zebrafish. The slc44a4 gene was knocked down using two kinds of specific antisense morpholino oligonucleotides ( All MOs were obtained from Gene Tools (Philomath, OR, U.S.).
RT-PCR was performed to confirm the RNA samples isolated from morphants, WT zebrafish, and primer pairs 5 0 -CAGGCCTTATTGTTGGCATT-3 0 (forward, in exon 1) and 5 0 -AGGCAGAAACCACAACTCCA-3 0 (reverse, in exon 3). The housekeeping gene gapdh was used as an internal control to produce a 275-bp product. Both slc44a4 MOs and Mcon were diluted to the indicated concentrations with RNase-free water, and then injected into one-celled zebrafish embryos. Both MO-SPL and MO-AUG effectively downregulated slc44a4 expression. For the rescue studies, MOs were co-injected into one-celled zygotes with human SLC44A4 mRNA. Human SLC44A4 mRNA was synthesized in vitro from linearized plasmids using the mMESSAGE mMACHINE T7 Ultra Kit (Ambion, Austin, TX, U.S.) according to the manufacturer's instructions.
Phalloidin staining
Stereocilia in five dpf zebrafish inner ears were marked with 2.5 mg/mL fluorescein isothiocyanate-(FITC-) labelled phalloidin (Sigma-Aldrich, St. Louis, MO) in PBS at room temperature. Light exposure was avoided after fixation in 4% PFA, 2% Triton X-100 (Sigma) in PBS. Finally, the embryos were washed several times in PBS for more than 2 h and viewed under a confocal microscope.
C-startle response tests
The inner ear is crucial to zebrafish hearing and balance (30) . Because predominant defects in the inner ears of MOknockdown zebrafish have been reported, swimming behaviour and hearing were investigated in MO zebrafish. To test hearing ability, we tested the fast escape reflex, the C-shaped startle response mediated predominantly by M-cells, using near-field pure tone stimulation at two different levels of sound intensity (31,32) The C-shaped startle response was tested in 96-well plastic plates and recorded with a high-speed camera (Redlake, MotionScope M3, 1000 fps) under infrared light illumination. Pure tone stimulations (10 ms, 500 Hz) of two different intensities were given through a plastic board mounted on a voice box (HiVi, D1080MKII). Each larva was tested 14 to 16 times, and the relative number of C-startle times was calculated.
SLC44A4 lentiviral vector construction
The SLC44A4 cDNA was reverse transcribed from the 293T mRNA and subcloned into the pCDH-CMV-vector, which contains a CMV promoter to drive cDNA expression and a puromycin acetyltransferase marker, to construct a pCDH-CMV-SLC44A4 WT recombinant vector. pCDH-CMV-SLC44A4(c.A466G, p.M156V) Mut was constructed using a KOD -Plus-Mutagenesis Kit according to the manufacturer's instructions. Lentivirus was prepared from the culture medium of 293T cells transfected with pCDH-CMV-SLC44A4-WT and pCDH-CMV-SLC44A4-Mut. SH-SY5Y cells were infected at a ratio of five transforming units per cell in the presence of polybrene so that SLC44A4-(WT/Mut-) stable transfected SH-SY5Y cell lines were established. These two cell lines were named SH-SY5Y-SLC44A4-WT and SH-SY5Y-SLC44A4-Mut for the purposes of this paper.
pEGFP-N2-slc44a4 recombinant vector construction The slc44a4 cDNA was reverse transcribed from mRNA from zebrafish embryos. Part of the complete slc44a4 cDNA, which can be bound by MO-AUG, was subcloned onto pEGFP-N2 expressing green fluorescent protein to construct recombinant vector pEGFP-N2-slc44a4. However, if pEGFP-N2-slc44a4 was successfully bound by MO-AUG, it could not express the green fluorescent protein. Non-specific choline uptake was determined by adding 1 mM hemicholinium-3 (HC-3). [ 3 H]-choline uptake data were normalized by protein measurement with BCA assay.
ACh synthesis and choline uptake assay
Statistical Analysis
Data are shown as means 6 SEM. All data were processed by SPSS, and mono-factorial analysis of variance was used for analysis. Differences were considered statistically significant at P < 0. 05.
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